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Available online 29 May 2015AbstractThe aluminium alloy AA2219 (AleCueMg alloy) is widely used in the fabrication of lightweight structures with high strength-to-weight
ratio and good corrosion resistance. Welding is main fabrication method of AA2219 alloy for manufacturing various engineering compo-
nents. Friction stir welding (FSW) is a recently developed solid state welding process to overcome the problems encountered in fusion welding.
This process uses a non-consumable tool to generate frictional heat on the abutting surfaces. The welding parameters, such as tool pin profile,
rotational speed, welding speed and axial force, play major role in determining the microstructure and corrosion resistance of welded joint. The
main objective of this work is to develop a mathematical model to predict the corrosion resistance of friction stir welded AA2219 aluminium
alloy by incorporating FSW process parameters. In this work a central composite design with four factors and five levels has been used to
minimize the experimental conditions. Dynamic polarization testing was carried out to determine critical pitting potential in millivolt, which is a
criteria for measuring corrosion resistance and the data was used in model. Further the response surface method (RSM) was used to develop the
model. The developed mathematical model was optimized using the simulated annealing algorithm optimizing technique to maximize the
corrosion resistance of the friction stir welded AA2219 aluminium alloy joints.
Copyright © 2015, China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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Simulated annealing algorithm1. Introduction
Friction stir welding (FSW), an innovative solid state
welding technique, is finding greater use in defence and
aerospace applications [1]. This environment-friendly and
energy-efficient technique can be used to join high strength
aluminum alloys and other metallic materials that are difficult* Corresponding author.
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2214-9147/Copyright © 2015, China Ordnance Society. Production and hosting byto be joined using the conventional fusion welding processes.
In FSW, a rotating tool is forced down into the joint line under
the conditions where the frictional heating is sufficient to
cause a local increase in the temperature of the material to the
range where it is readily deformed plastically [2]. Despite the
evolution of numerous models and investigations, the flow of
material is not fully understood [3]. The tool used in FSW has
two distinct parts, the shoulder and the pin, and is designed to
serve three functions: (i) generate the frictional or deforma-
tional heat that softens the work material around and ahead of
the pin, (ii) control the material flow to produce a defect-free
joint, and (iii) confine the hot material under the shoulder.
Understanding the material flow is critical for determining theElsevier B.V. All rights reserved.
Table 1
Chemical composition of AA2219 alloy.
Element Cu Mn Zr Si Fe Al
Wt.% 6.7 0.3 0.07 0.10 0.14 Bal
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FSW. However, the material flow that occurs during the tra-
verse of the rotating tool is reported to be chaotic and poorly
understood [4]. Material flow analysis is important in devel-
oping a physical understanding of the mechanics of weld
formation, which in turn is essential to manipulate the process
parameters and produce the defect-free welds. Despite the fact
that friction stir welded joints are now employed in a wide
range of applications [5e12], many of the factors that control
their microstructure and properties are still poorly understood,
due to the complex nature of the metal-flow during welding. In
addition to the process parameters, the effectiveness of the
weld joint is strongly dependent on the geometric features of
the tool. For instance, the height and shape of the pin [13e16],
together with the shoulder diameter, exercise substantial in-
fluence on both the material-flow and heat generation caused
by friction as well as rapid plastic deformation [17].
Extensive work on the influence of pin geometry on me-
chanical properties of 2014 aluminium alloy friction stir welds
has been carried out by Zhao et al. [18]. Taper screw thread
pin weld was reported to have the highest weld joint efficiency
(75%) compared to the threaded cylindrical tool pin profile
welds. The tools have all along been designed predominantly
by the trial-and-error approach [19]. Most of the previous
investigations on the design of tool geometry were focused on
optimizing the tool pin profile with respect to microstructure
and mechanical properties. However, the study did not provide
any clear guidelines for the optimal design of tool geometry.
While the effect of different pin profiles has been studied, very
little effort has been made to study the influence of tool pin
profile on the generation of heat during welding. Several
studies concerning the calculation of thermal loading during
FSW process are available in literature. Some of these studies
[20,21] are based on the critical assumption that the heat
generated due to pin-material interaction is very low compared
to that generated by the shoulder and hence may be neglected.
The influence of tool pin profiles on FSW was hardly dis-
cussed in the published literature.
In many industrial applications steels are readily replaced
by nonferrous alloys and aluminium alloys. Some of these
materials combine mechanical strength comparable with that
of structural steels and low weight. While production of
aluminium alloy component is not very complex, joining of
these materials can sometimes cause serious problems. The
friction stir welding, as a solid state joining technique, can be
used to settle the problems appearing in joining of these ma-
terials, in which the joined material is plasticized by heat
generated by friction between the surface of the plate and the
contact surface of a special tool. The tool is composed of two
main parts: shoulder and pin. The shoulder is responsible for
generating the heat and containing the plasticized material in
the weld zone, while the pin mixes the material of the com-
ponents to be welded, thus creating a joint. This allows for
producing defect-free welds characterized by good mechanical
properties. However, the material flow behaviour is predomi-
nantly influenced by the FSW tool profiles, FSW tool di-
mensions and FSW process parameters [22].In order to get the maximum corrosion resistance, FSW
process parameters should be optimized. Tool pin profile plays
a crucial role in material flow and, in turn, regulates the
welding parameters of the FSW process [23]. Friction stir
welds are characterized by well defined weld nugget and flow
contours, almost spherical in shape, and these contours are
dependent on the tool design, the welding parameters and the
process conditions [24]. Hence, an attempt has been made to
optimize the FSW process parameters to maximize the
corrosion resistance of AA2219 aluminium alloy joints using
the design of experiment concept, the response surface method
and the simulated annealing algorithm.
2. Experimental details2.1. Material and methodsIn the present investigation, 240 mm  160 mm  7 mm
rolled plates of high-strength aluminiumecopper alloy
AA2219-T87 were used for friction stir welding experiments.
The chemical composition of the parent metal is given in
Table 1. The plates were welded in a single pass, using the
conical, square, triangle, pentagon and Hexagon pin profile
tools (Fig. 1) on position controlled friction stir welding ma-
chine. Fig. 2 shows the weld beads of FS welds of five tool
profiles. Keller's reagent is used for etching the polished sur-
faces and optical micrographs are recorded.2.2. Pitting corrosion testA software based GillAC electrochemical system was used
for potentio-dynamic polarization tests to study the pitting
corrosion behavior of the metal. A saturated calomel electrode
(SCE) and platinum electrodes were used as reference and
auxiliary electrodes respectively. All experiments were con-
ducted in aerated 3.5% NaCl solutions with pH adjusted to 10
by adding potassium hydroxide. The potential scan was car-
ried out at 0.166. The exposure area for these experiments was
1 cm2. The potential at which current increased drastically was
considered to be the critical pitting corrosion potential. The
specimens exhibiting relatively more positive potential (or less
negative potentials) were considered to have better pitting
corrosion resistance.2.3. Design of experimentIt is very difficult to form a mathematical equation for
higher corrosion resistance values so for that we consider the
ranges of friction stir parameters. The important factors
influencing the corrosion properties of FSW joints and the
working ranges of those factors for AA2219 aluminium alloy
Fig. 1. Geometry of tool profiles.
Fig. 2. Weld beads of FS welds of five profiles.
332 G. RAMBABU et al. / Defence Technology 11 (2015) 330e337are presented in Table 2. Due to the wide range of influential
factors, it was decided to use four factors, five levels, and a
central composite design matrix to prescribe the required
number of experiment.
Table 3 shows the 31 sets of coded conditions used to form
the design matrix. The data in Table 3 is used as input data to
form a mathematical equation by the design of experiment
method and response surface methodology in Mini-tab
software.2.4. Development of a mathematical modelThe response function corrosion resistance (CR) of the
joints is a function of the tool profile (P), rotational speed (N ),
welding speed (S ) and axial force (F ). It can be expressed as
CR¼ f ðP;N;S;FÞ ð1Þ
The second order polynomial (regression) equation used to
represent the response surface ‘Y’ is given by [25]Table 2
Important factors and their levels.
S. No Parameter Notation Unit L
(
1 Tool profile P e H
2 Rotational speed N RPM 10
3 Welding speed S (mm$min1) 60
4 Axial force F kN 8Y ¼ b0þ
X
bixiþ
X
biix2 þ
X
bxixj ð2Þ
And for four factors, the selected polynomial can be expressed
as
CR¼ b0þ b1ðPÞ þ b2ðNÞ þ b3ðSÞ þ b4ðFÞ þ b11ðP2Þ
þ b22ðN2Þ þ b33ðS2Þ þ b44ðF2Þ þ b12ðPNÞ þ b13ðPSÞ
þ b14ðPFÞ þ b23ðNSÞ þ b24ðNFÞ þ b34ðSFÞ
ð3Þ
where b0 is the average of responses; and b1, b2, … , b23 are
the coefficients which depend on the respective main and
interaction effects of the parameters. All the coefficients were
evaluated and tested for their significance at a 95% confidence
level by applying a Minitab software package. The final
mathematical model developed to predict corrosion rate of
FSW joints of AA2219 aluminium alloy is given belowevels
2) (1) (0) (þ1) (þ2)
exagon Pentagon Square Conical Triangular
00 1100 1200 1300 1400
0 700 800 900 1000
10 12 14 16
Table 3
Design matrix and experimental results.
Experiment number Factor Corrosion pit potential/mV
P N S F
1 1 1 1 1 572
2 þ1 1 1 1 591
3 1 þ1 1 1 577
4 þ1 þ1 1 1 594
5 1 1 þ1 1 575
6 þ1 1 þ1 1 587
7 1 þ1 þ1 1 568
8 þ1 þ1 þ1 1 589
9 1 1 1 þ1 569
10 þ1 1 1 þ1 592
11 1 þ1 1 þ1 574
12 þ1 þ1 1 þ1 588
13 1 1 þ1 þ1 573
14 þ1 1 þ1 þ1 593
15 1 þ1 þ1 þ1 576
16 þ1 þ1 þ1 þ1 558
17 2 0 0 0 554
18 þ2 0 0 0 615
19 0 2 0 0 557
20 0 þ2 0 0 610
21 0 0 2 0 551
22 0 0 þ2 0 611
23 0 0 0 2 558
24 0 0 0 þ2 618
25 0 0 0 0 586
26 0 0 0 0 590
27 0 0 0 0 582
28 0 0 0 0 581
29 0 0 0 0 591
30 0 0 0 0 588
31 0 0 0 0 587
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 3:7500Fþ 1:232P2þ 1:4821N2þ 2:1071S2
þ 0:3571F2þ 2:3750PSþ 1:8750PFþ 0:5000SF ð4Þ
The determination coefficient ‘r2’ is used to find how close
the predicted and experimental values lie [26]. The determi-
nation coefficient (r2) indicates the goodness of fit for the
model. In this case, the value of the determination coefficient
(r2 ¼ 0.92) indicates that only less than 8% of the total varia-
tions are not explained by the model. The value of ‘r2’ for the
above-developed model is presented. This indicates that a high
correlation exists among the experimental values and the pre-
dicted values. The normal probability plot for corrosion rate
reveals that the residuals are falling on the straight line, which
means the errors are distributed normally. All of this indicates
an excellent suitability of the regression model (Fig. 5).Table 42.5. Contour plots and response graphs
Optimized friction stir welding parameters.
S. No Parameter Optimized value Corrosion rate
1 Tool profile (P) HEXAGON 604.52
2 Rotational speed (N )/rpm 1307
3 Welding speed (s)/(mm$min1) 880.50
4 Axial force (F )/kN 12.20Contour plots show a distinctive circular mound shape
indicative of possible independence of factors on response. A
contour plot was generated to visually display the region of
optimal factor settings. For second-order response surfaces,
such a plot can be more complex than the simple series ofparallel lines that can occur with first-order models. Once a
stationary point is found, it is usually necessary to charac-
terize the response surface in the immediate vicinity of the
point. Characterization is to identify whether the stationary
point found is a maximum response, a minimum response or
a saddle point. To classify this, the most straight-forward
way is to examine through a contour plot. Contour plots
play a very important role in the study of the response sur-
face. By generating the contour plots using software for
response surface analysis, the optimum can be located with
reasonable accuracy by characterizing the shape of the sur-
face. If a contour patterning of circular shaped contours
occurs, it tends to suggest the independence of factor effects,
while elliptical contours may indicate factor interactions
[27]. Response surfaces have been developed for the pro-
posed model, taking two parameters in the middle level and
two parameters in ‘X’ and ‘Y’ axes as well as the response in
‘Z’ axis. The response surfaces clearly indicate an optimal
response point.
3. Optimization of friction stir welding parameters
The traditional simulated annealing algorithm method [28]
is used as an optimization tool to search the optimum values of
the process variables. The mathematical model was framed by
using the coded values. Hence, the coded values was opti-
mized and then converted to the actual values. A computer
program using MATLAB for the algorithm was developed to
optimize the process variables. The objective is first written as
a non-linear programming problem, (NLPP).
Maximize f ðresponseÞ ¼ f ðP;N;S;FÞ
2 P 2
2 N  2
Variable bounds
2 S 2
2 F  23.1. Simulated annealing algorithm methodFor a minimization problem with solution space S, objec-
tive function f and neighborhood structure N (Table 4):
Step 1: Select an initial solution S0 and S* ¼ S0, initial
temperature T > 0,
Select a temperature reduction function a (T ),
334 G. RAMBABU et al. / Defence Technology 11 (2015) 330e337Select a maximum iteration count Max; Repeat;
Step 2: Set iteration count I T ¼ 0,
Repeat
I T ¼ I T þ 1
Step 3: Randomly; select s 2 N (S0),
Set d ¼ f (s)  f (s0);
Step 4: If d < 0,
Then set s0 ¼ s (downhill move),
Else
Generate random x uniformly in the range [0, 1]; If x < exp
(d/T ),
Then set S0 ¼ S (uphill move) If f (S0) < f (S*) then S* ¼ S0
Until I T ¼ Max,
Set T ¼ a (T ),
Until stopping condition becomes true.
Output s* as an approximation to the optimal solution.
4. Result and discussion4.1. Microstructure of weld nugget zoneThe weld nugget is formed where the tool pin penetrates the
joint. It consists of recrystallized microstructure of very fine
grains, as a result of the severe plastic deformation and high
temperature. “Onion rings” are observed here, in the weld
direction. It has been postulated that each rotation of the tool
during FSW process results in extrusion of semi-cylinder
layers of material, which displays the familiar onion ring
structure when it is viewed from a sliced cross-section. Fig. 6Fig. 3. Responshows the microstructures in weld nugget zones welded by
five different tools. The widths of nugget zone are 22 mm,
23 mm, 23 mm, 24 mm and 24 mm, respectively, for conical,
square, triangle, pentagon and hexagon tools. A slight varia-
tion in width of weld nugget is observed this is due to heat
generation during friction stir welding. The nugget region has
experienced high temperatures and extensive plastic defor-
mation, and is characterized by dynamically recrystallized
grains. The deformation extent of the plastic material and the
flow of the material are related to the microstructures and the
properties of the nugget. Fine grain structure was acquired in
the nugget zone. The size of the grain is bigger, and the grain
boundaries distributions are uneven. The pin geometry affects
the Nugget microstructures greatly. Definite change in weld
made with hexagon tool was observed. The grains in the
nugget region experienced high temperatures and turbulent
material flow resulting in severe plastic deformation. Very fine
grains are formed due to dynamically re-crystallization
compared to weld nugget made with other tools (Fig. 6aef).
Specifically weld made with hexagon tool profile (Fig. 6(f))
shown very fine grain distribution compared to other tool
profiles. From microstructural changes and results of weld
nugget width it is clearly shown that the shape of the weld
nugget zone is dependent on the tool shape, the tool geometry
and the welding parameters.
The typical potentio-dynamic polarization curves of the
weld nuggets of tool profile are given in Fig. 7, where the
intermetallics are the initiation sites for pitting in AleCu al-
loys. The pitting is caused by the local dissolution of these graphs.
Fig. 4. Contour plots.
335G. RAMBABU et al. / Defence Technology 11 (2015) 330e337matrix due to galvanic coupling between intermetallics and
surrounding matrix. From Epit values (mV) of nugget zone
(NZ) it is clearly noticed that the relatively more positive Epit
values are recorded in the NZ of the friction stir weld of
hexagon tool profile. This is attributed to the dissolution/
coarsening of the strengthening precipitates finely and evenly
distributed in the nugget region of the hexagon profile. Since
due to more heat is generated during FS welding, the corrosion
behaviour of nugget zone is nobler compared to base metalFig. 5. Normal probability plot.due to absence of second phase particles, which is more
clearly seen from Fig. 7 and the critical potential data.
From the experimental results, it is found that the joints
fabricated using a hexagon pin profile tool with a rotational
speed of 1300 rpm, a welding speed of 880 mm/min and an
axial force of 12 KN exhibit the corrosion properties superior
to those of the other joints. The reasons for the superior per-
formance of such joints are explained below.4.2. Analysis of response surface plots and contour plotsFig. 3(a)e(f) presents three-dimensional responsive surface
plots for the response corrosion resistance obtained from the
regression model. The optimum corrosion rate is exhibited by
the apex of the response surfaces. It is easier to understand by
examining the contour plot in Fig. 4(a) that the change in the
pin profiles are slightly more sensitive to the change in
corrosion rate than to the change in rotational speed. Fig. 4(b)
exhibits an almost circular contour, which suggests indepen-
dence of factor effects, namely pin profile and welding speed,
rotational speed of 1200 rpm and axial force of 12 KN. When
at rotational speed of approximately 1200 rpm and a welding
speed of 800 mm/min, it is slightly more sensitive to the
change in corrosion rate, as illustrated in Fig. 4(c).
Fig. 6. Optical micrographs of AA2219 FSWelds of Nugget Zone (a) Base metal (b) Conical tool (c) Triangle tool (d) Square tool (e) Pentagon tool and (f)
Hexagon tool.
Fig. 7. Potentio-dynamic polarization curves of AA2219 FS welds prepared by
five tool pin profiles.
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welding speed than to the change in rotational speed at an
axial force of 12 KN for a square pin profile. An interaction
effect of rotational speed and welding speed on the corrosion
rate also exists, which is evidenced by the contour plot in
Fig. 4(d). From the contour plot shown in Fig. 4(e), it is
inferred that the corrosion rate is more sensitive to change in
axial force than to the changes in rotational speed and welding
speed when a square pin profile is used. There seems to be a
pronounced interaction effect of axial force and rotational
speed on corrosion rate when a square pin profile is used at a
welding speed of 800 mm/min. The contour plot shown in
Fig. 4(f) clearly demonstrates that the influence of axial forceTable 5
Corrosion current values of welds with different parameters.
Rotational speed
(1400 rpm)
Rotational speed
(1000 rpm)
Corrosion current (ICorr)/(mA$cm
2) 0.0238832 0.1817653
Epit/(mV) 618 557on corrosion rate is greater than that of welding speed at
rotational speed of 1200 rpm for a square profile pin. The
interaction effect between the factors is also evidenced.
The following inferences can be made from the contour
plots and response surfaces. Of the five pin profiles used, the
hexagon pin profile is more sensitive to corrosion rate at an
optimum welding speed and axial force. Interaction effects
among the factors of rotational speed and axial force, axial
force and welding speed, and rotational speed and welding
speed exist, and these interactions are more pronounced when
a hexagon pin profile is used, which is evidenced and
exhibited in the contour plots. The test results of corrosion
current (ICorr) and Corrosion resistance (Epit) for the joints
fabricated at lower and higher rotational speeds are given
in Table 5. The maximum corrosion rate is obtained from the
response surface and contour plots by using a hexagon pin
profile with welding speed of 880.25 mm/min, a rotational
speed of 1310 rpm and an axial force of 12.3 KN, assuming
any two factors at optimum levels, as obtained from the
simulated annealing algorithm method.4.3. Effect of rotational speedThe joints fabricated at the lower and higher rotational
speeds of 1000 rpm and 1400 rpm exhibited inferior corrosion
properties. The corrosion testing results like corrosion current
(ICorr) and Corrosion resistance (Epit) for the joints fabricated
at lower and higher rotational speeds are given in Table 5. The
corrosion resistance at 1000 rpm is more positive (557 mV)
than those at other rotational speeds, as shown in Table 3.Axial force
(16 kN)
Axial force
(8 kN)
Welding speed
/(1000 mm$min1)
Welding speed
/(600 mm$min1)
0.0024928 0.0563769 0.0337123 0.0082865
610 591 615 558
337G. RAMBABU et al. / Defence Technology 11 (2015) 330e3374.4. Effect of welding speedThe corrosion testing results like corrosion current (ICorr)
and Corrosion resistance (Epit) for the joints fabricated at
lower and higher welding speeds are given in Table 5. The
joints fabricated at a welding speed of 600 mm/min show
corrosion properties superior to those of the other joints, at the
corrosion resistance at this speed is more positive (551 mV)
than those at other welding speeds, as shown in Table 3.4.5. Effect of axial forceApparent variations in corrosion properties were found in
the joints fabricated at lower and higher axial forces of 10 KN
and 16 KN compared to the joints fabricated at axial force of
8 KN. The corrosion test results like corrosion current (ICorr)
and Corrosion resistance (Epit) for the joints fabricated at
lower and higher axial forces are given in Table 5. The
corrosion property of joint fabricated at axial force of 8 KN is
superior to those of the other joints, and its corrosion resis-
tance (558 mV) is more positive at an axial force of 8 KN
than at other forces, as shown in Table 3.
5. Conclusions
1) The results indicate that the shape of the pin has a sig-
nificant effect on the joint structure and the corrosion
properties. The best quality weld was acquired using
hexagon tool profile.
2) A mathematical model was developed to predict the
corrosion resistances of friction stir welded AA2219
aluminium alloy joints with 95% of confidence level. The
model was developed by incorporating the welding pa-
rameters and tool profiles using statistical tools, such as
design of experiments and regression analysis.
3) The simulated annealing algorithm was used to optimize
the friction stir welding parameters and tool profiles to
attain maximum tensile corrosion resistance in the welded
joints. The optimized values closely match the experi-
mentally determined values. Response graphs and contour
plots were drawn to study the interaction effect of welding
parameters and tool profiles on the corrosion resistance of
friction stir welded joints of AA2219 aluminium alloy.Acknowledgements
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